The results of measurements of the () beam attenuation coefficient (BAC) spectral distribution in the surface waters of the North Atlantic tropical region (NATR) are represented. The data were obtained in the 27 th cruise of R/V Akademik Vernadsky (January -April, 1984).
Introduction
A number of studies has been devoted to research of the beam attenuation coefficient ε(λ) in the Atlantic tropical area, but the greatest part of them consider the beam attenuation coefficient in the only one part of the spectrum. The spectral variability of the beam attenuation coefficient ε(λ) in a wide wavelength range is less studied. As an example, the works [1, 2] can be provided. The first one demonstrates the results of measuring the spectral distribution of the beam attenuation coefficient within the wavelength range of  = 473÷649 nm in the Sargasso Sea waters [1] . The second article shows the shape of the spectra within the range of  = 400÷675 nm in some currents of the Northern Atlantic tropical region (NATR) [2] .
The data obtained in the 27th cruise of R/V Akademik Vernadsky (January-April, 1984) permit to bridge this gap. Fig. 1 shows the route of the vessel. In this voyage, Numerous measurements of () spectra within the wavelength range of  = 440÷675 nm in the NATR surface waters were carried out to obtain data on the ε(λ) spectral function structure in vast ocean waters under various oceanographic conditions. Also, these measurements were aimed to study the possibility of reconstructing the ε(λ) spectra from measurements at one wavelength (selfsimilarity of spectra) and the possibility of using attenuation indices for determining the chlorophyll concentration by an optical method. Instruments and procedure of measurements Measurements of the beam attenuation coefficient ε(λ) were carried out in water samples using a laboratory transparency meter [3] in 12 spectral regions (440, 450, 461, 474, 500, 517, 527, 551, 582, 607, 622 and 675 nm) selected by interference optical light filters. The root-mean-square measurement error is 0.023 m -1 .
Water samples were taken by the pump from the shaft going through the hull of the vessel, from 6 m depth (the lower edge of the shaft). Sampling was carried out both at stations and on the vessel's way.
A team of biologists from the Institute of Biology of the Southern Seas of the Academy of Sciences of Ukraine determined the concentration of chlorophyll (Cchl) in the samples.
Characteristics of spectra
The entire array containing 172 spectra is divided into three groups according to the beam attenuation coefficient on a wavelength of 500 nm: the first group (94 spectra) -ε(500)  0.15 m -1 ; the second one (54 spectra) -0.15 < ε(500)  0.30 m -1 ; the third group (24 spectra) -0.30 < ε(500)  0.45 m -1 . The average concentration of chlorophyll according to the groups was: 0.03; 0.05 and 0.31 mg/m 3 , i.e. the 1 st and 2 nd groups of spectra refer to the waters of the oligotrophic type (ocean waters), the third groupto the mesotrophic waters (coastal waters). Fig. 2 shows the average spectra in each group.
Fig. 2.
Average spectra for three groups: 1 ()the 1 st group, 2 ()the 2 nd group and 3 ()the 3 rd group of spectra The spectra measured in the waters of large-scale NATR currents, including the coastal waters were selected from the entire array. These spectra are shown in Fig. 3 . Their characteristics are given in Tab. 1. Fig. 3 The shape of the spectra in all the waters is characterized by the presence of a minimum of the beam attenuation coefficient in the middle part, from it towards the short and, especially intensively, towards the long waves, the values of ε(λ) increase.
Characteristics of the Spectra shown in
In the area of long waves, pure water makes a big contribution to the beam attenuation coefficient in all spectra. Fig. 3 shows the beam attenuation coefficient spectrum for pure water
is the pure water absorption index [4] ; mw ) λ ( σ is the index of pure sea water molecular scattering [5, p. 157 ].
Tab. 2 shows the contribution of the pure sea water attenuation coefficient to the attenuation indices for the water spectra shown in Fig. 3 . As it can be seen from Fig. 3 , when the attenuation indices increase, the shape of the spectra changes. It is due to a faster growth of ε(λ) in the short-wave region than in the long-wave one. Thus, for the spectrum No. 9, the gain of the attenuation coefficient with respect to the spectrum No. 2 was: at a wavelength of 440 nm -0.435 m -1 and at a wavelength of 675 nm -0.271 m -1 .
T a b l e 2

Contribution of Р Pure Sea Water Attenuation Coefficient to the Attenuation Indices ε in the Atlantic Tropical Region
At that, the minimum of the attenuation coefficient shifts towards the longer waves: the spectrum No. 2 -λ(εmin) = 474 nm and the spectrum No. 9 -λ(εmin) = = 517 nm. The water color is related to the minimum position, and in this case for the spectrum No. 2 it is characterized as a blue and for the spectrum No. 9as a green one. Deformation of spectra with increasing of attenuation indices is associated with dissolved organic matter (DOM) content increase in water. This matter was formed as a result of the decomposition of plankton organisms, the concentration of which determines the water transparency. DOM most strongly attenuates the light in the short-wave part of the spectrum. Its influence weakly affects the longwave region [6] .
Comparison of spectral characteristics of the attenuation coefficient in the waters of the NATR and the Pacific Ocean waters from [7] was carried out. The average spectrum (59 samples) in the ocean waters with depths less than 100 m with an average chlorophyll concentration of 0.027 mg/m 3 is also taken from the aforementioned article. The average spectrum for the 2 nd group is taken for the NATR waters. The result of the comparison is shown in Fig. 4 .
The nature of the spectral distribution of the attenuation coefficient in both cases is the same. The somewhat larger value of the spectral indices in the NATR waters agrees with the higher concentration of chlorophyll there, such as -0.050 mg/m 3 in the NATR and 0.027 mg/m 3 in the Pacific Ocean.
Spectra analysis by the method of orthogonal vectors
In each group of spectra, correlation matrices
were calculated and the empirical functions of ε(λ) were expanded into orthogonal eigenvectors:
are the average values of the spectral attenuation coefficient;
are eigenvectors of the correlation matrix; k C are the specific coefficients; i = 1, …, n is a number of vectors (in the present case n = 12, the number of spectral channels).
Correlation matrices for different spectra types show that as the attenuation coefficient increases, the correlation coefficient between the values of ε(λ) in different spectrum parts also increases; in the most cloudy waters (the 3 rd group) the variations of ε(λ) are very closely interrelated in the entire wavelength range considered.
The same regularity of
behavior was noted by the author of [8] from the ε(λ) measurements within the wavelength range of λ = 390 ÷ 590 nm in the Indian Ocean. Thus, the values for the 1 st , 2 nd and 3 rd samples are 0.59; 0.75 and 0.97 respectively [8] . For the 1 st , 2 nd and 3 rd groups of spectra considered in the present research, the range of ε(λ) variation, approximately corresponding to the samples in [8] , the values of )]
are approximately the same: 0.61; 0.70 and 0.95. I.e. the regularity of the attenuation coefficient variability in the World Ocean waters is the same.
As a result of the expansion of the ε (λ) functions into orthogonal eigenvectors, it was obtained that the relative dispersion of the functions described by the first eigenvector is 0.78; 0.83 and 0.98 for waters in the 1 st , 2 nd and 3 rd groups; and 0.80; 0.91; and 0.99for the sum of the first two eigenvectors, respectively.
The high relative dispersion value of ε(λ) described by the expansion vector indicates the ε(λ) variations by the spectrum to depend chiefly on one factor totally. The latter is known to be a biological suspension in an open ocean conditions. In this case it is confirmed by a high correlation coefficient of the chlorophyll concentration with the expansion coefficient for the first eigenvector, which is R 2 = = 0.87 ± 0.02 throughout the array.
The high level of relative dispersion described by the first eigen vector, permits to reconstruct the spectral distribution of ε(λ) in the surface tropical waters of the Atlantic Ocean from measurements of the beam attenuation coefficient in one part of the spectrum. Tab. 3 shows the necessary average values of the spectral beam attenuation coefficient ) λ ( ε i and the first two orthogonal vectors ) λ ( ), λ (
The optimal wavelength that should be used to reconstruct the spectra by means of the first vector is situated in the region of zero values of the second orthogonal vector. According to Tab. 3 data, for the 1 st group of spectra is the wavelength range λ = 500 ÷ 517 nm, for the 2 nd group -λ = 474 ÷ 500 nm, for the 3 rd group -λ = 461 ÷ 474 nm.
T a b l e 3
Average Values of the Beam Attenuation Coefficient <ε> and the First Two
Orthogonal Vectors Ψ1, Ψ2 for Three groups of Spectra is the first orthogonal vector. where n is the number of all vectors in the analysis; m is the number of vectors used for ε(λ) reconstruction; D(λ) is the standard deviation of ε(λ) function; (nm) is the relative dispersion of the eigenvectors, which are not used in the reconstruction.
T a b l e 4 For the 1 st , 2 nd and 3 rd groups of spectra the Sm value for m = 1 was 0.012; 0.014 and 0.023 m -1 respectively.
Deviation Indices of εrec Spectra Reconstructed by the First Orthogonal Vector from the Measured εmeas Spectra
Group of spectra
Tab. 4 shows deviation indices of the reconstructed spectra from the measured ones. The rms errors were 0.006; 0.005 and 0.011 m -1 for the 1 st , 2 nd and 3 rd groups respectively, as is obvious they do not exceed the theoretical values.
Relationship between spectral beam attenuation coefficients and chlorophyll concentration
Tab. 1 demonstrates Сchl chlorophyll concentration in water for the spectra in Fig. 3 . A quantitative relationship between the quantities ε(500) and Сchl is clear.
The data analysis showed the relationship between these quantities to be nonlinear and in a linear form it can be represented in a double logarithmic scale
During the calculation of the regression coefficients, the data was divided into two arrays: the ocean and coastal waters. It was due to the fact that the ratios
in the ocean and coastal waters are different (Fig. 6 ). Tab. 5 shows the results of calculations of regression coefficients of chlorophyll concentration for the ocean waters are presented (the variability range is Сchl = 0.01÷0.08 mg/m 3 ) with spectral beam attenuation coefficients in three spectral regions: 440, 500 and 551 nm. The chlorophyll concentration correlation with the beam attenuation coefficient reflects the relationship with the attenuation index of the organic suspended matter. The organic suspended matter in surface ocean waters makes an overwhelming contribution to the variability of the attenuation coefficient, which, according to the data of [7] , is 76-97 % in the spectral range of 430 -670 nm.
Different relations in the association equations of chlorophyll with the attenuation coefficient in ocean and coastal waters, observed in the present case ( Fig. 6) , are associated with a change in the intracellular chlorophyll concentration in algae, depending on a number of the following factors: species composition, light habitat, water temperature and content of nutrients. In [9] it has been established that under identical conditions the chlorophyll concentration in cells of diatoms and pyrophyte algae can differ by a factor of two. In [10] , graphs of the chlorophyll and suspended organic matter (SOM) relation in the Black Sea waters in different seasons are presented. In spring, the SOM concentration is approximately twice higher than in winter, at the same chlorophyll concentration in water.
I.e. the chlorophyll concentration and attenuation coefficient relations possess regional nature and may vary in time in the given area due to changes in the algae habitat conditions.
Taking this into consideration, the chlorophyll concentration and attenuation coefficient relations in the NATR ocean waters, established in this work, should be characterized as the regional ones. The hydrological conditions in tropical waters vary slightly throughout the year, and these relations can be presumably assumed to be unchanged in time.
Formulae
relation, obtained for the NATR waters, were applied to the other ocean waters. The mean spectrum of ε(λ) for oligotrophic ocean waters of the Pacific Ocean with an average chlorophyll concentration Сchl = 0.027 mg/m 3 is taken from [7] . Tab. 6 shows the chlorophyll concentration values in the NATR waters (the 2 nd group of spectra, Сchl = 0.050 mg/m 3 ) and the Pacific Ocean calculated according to the Tab. 5 formulae. The chlorophyll concentrations in different waters in the Pacific Ocean calculated according to different formulae gave an average value of Сchl = 0.037 mg/m 3 . It is 37 % higher than that indicated in [7] . The closest result was obtained for 551 nm wavelength (Сchl = 0.030 mg/m 3 ). In the NATR waters (the 2 nd group of spectra), the calculated average chlorophyll concentration Сchl = 0.049 mg/m 3 is practically the same as for field observations (Сchl = 0.050 mg/m 3 ).
In [11] , the relation between the attenuation coefficient and the chlorophyll concentration in the Pacific Ocean tropical waters has been studied. The research area was situated in the eastern part of the near-equatorial region (10° N -10° S). To establish the relations with chlorophyll, the sea water attenuation coefficient at 660 nm wavelength was used. The pure water attenuation coefficient ε(660)pg = = ε(660)measuredε(660)w was subtracted from this coefficient. The calculation of the coupling equation was carried out with Сchl and ε(660)pg values in natural form without conversion. The chlorophyll concentration in the research waters varied within the values of Сchl = 0.02÷0.32 mg/m 3 . All the data, without separation by chlorophyll concentration, are combined into one array, and the coupling equation is calculated (correlation coefficient R = 0.91):
It should be noted that in the aforementioned work [11, p . 441] on the graph (Fig. 4C ), a group of points for the waters with the lowest chlorophyll concentrations, Сchl = 0.02÷0.07 mg/m 3 , is distinguished. I.e. as in the case of the ocean oligotrophic waters of the tropical Atlantic, in the same Pacific Ocean waters, there is only a relation between chlorophyll and the attenuation coefficient appropriate for this area.
Conclusion
According to the data of the beam attenuation coefficient spectra measurements in the surface waters of the tropical Atlantic northern part, the characteristics of the spectra (440 -675 nm range) were obtained. Also, the change of the spectra shape the in the NATR waters with the attenuation coefficient increase was considered. Spectral distributions of the attenuation coefficient in the waters of the principal large-scale NATR currents and in the coastal African waters are presented. A comparison of the mean spectra in oligotrophic waters of the tropical Atlantic and the Pacific Ocean was carried out. It showed the same pattern of the spectral distribution of the attenuation coefficient in these regions.
For an array of empirical functions () in the NATR waters, the expansion into orthogonal eigenvectors was carried out. The possibility to reconstruct the spectra using the first orthogonal vector, i.e. by measuring the attenuation coefficient at one wavelength, is shown. The optimal wavelength values, which should be used to reconstruct the spectra, are indicated.
The relation of the chlorophyll concentration in the surface ocean waters of the NATR with the beam attenuation coefficients in three sections of the spectrum with wavelengths of 440, 500 and 551 nm was established. In the NATR coastal waters the relation )]
should be considered separately, since it differs significantly from the one in ocean waters. The chlorophyll and attenuation coefficient relations in NATR ocean waters established in this work should be characterized as regional.
